To optimize oligonucleotide probe design criteria, PCR products with different similarities to probes were hybridized to a functional gene microarray designed to detect homologous genes from different organisms. In contrast to more restrictive probe designs based on a single criterion, simultaneous consideration of the percent similarity (<90%), the length of identical sequence stretches (<20 bases), and the binding free energy (>؊35 kcal mol ؊1 ) was found to be predictive of probe specificity.
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The application of microarrays to environmental samples presents many technical challenges not encountered in the study of model laboratory cultures (2, 11, 12, 14, 15, 16, 18) . One of the most challenging problems results from the need to specifically and reliably distinguish between homologous genes from many different organisms that may share a high degree of sequence similarity. Apart from the stringency of the hybridization conditions, hybridization specificities may be affected by a variety of probe design factors, including the overall sequence similarity, the distribution and positions of mismatching bases (5, 6) , and the amount of free energy of the DNA duplexes formed by the probe and target sequences (4, 8, 12) . However, most probe design programs and strategies rely on only one or two of the factors mentioned above to assess probe specificity. This may be satisfactory for the design of probes for pure culture studies of global gene expression patterns, as rather divergent genes of a single organism are represented on an array. However, for microarrays targeting homologous genes from diverse microbial communities, it is necessary to design and maximize the number of oligonucleotide probes originating from a set of highly similar sequences. By simultaneous consideration of multiple probe-target characteristics, it is possible to relax each single criterion while also ensuring more accurate predictions of probe-target hybridization behavior.
Microarray design and experiment. PCR products from selected genes obtained from environmental clone libraries (9, 10) were labeled with fluorescent dyes and hybridized to a functional gene microarray containing 50-mer oligonucleotides. The PCR products chosen had different overall similarities (Ͼ85%, according to base-to-base comparisons after pairwise alignment) and/or shared identical sequence stretches of Ͼ15 bases for multiple probes. The oligonucleotide microarray used in this study followed the design of Rhee et al. (11) .
Briefly, probes were designed from sequence information for dissimilatory sulfite reductase genes (dsrA and dsrB), nitrite reductase genes (nirS and nirK), and an ammonium monooxygenase gene (amoA), which were downloaded from the NCBI database or from our own clone libraries using a modified version of PRIMEGENS software (17) . Based on global optimal alignments, segments of 50 bases which had Ͻ85% nucleotide identity to the corresponding aligned regions of any of the BLAST hit sequences were selected as potential probes, also with consideration of the predicted probe-target melting temperature and probe self-complementarities. For these tests, a set of probe-target combinations with different similarities to several gene sequences was selected in order to cover a broad range of possible probe-target characteristics, such as the length of continuous stretches of matching bases ( Fig. 1 ) and the predicted free energy of hybridization. The oligonucleotide probes were synthesized by MWG Biotech (High Point, NC) and were printed in duplicate spots (13) onto aminopropyl silane-coated glass slides (UltraGAPS; Corning, Corning, NY). The cross-hybridization patterns of 19 selected genes obtained from the clone library collection at Oak Ridge National Laboratory (9, 10) were analyzed. In total, we analyzed 516 specific and nonspecific potential hybridizations of target DNAs to probes, with sequence similarities between Ͻ86% and 100% or with a common identical sequence stretch of at least 16 bases. This was done in 71 hybridization experiments and resulted in 1,681 single observations, with two technical replicates (in duplicate spots) of each probe (see the supplemental material for further details).
DNAs from environmental clones were amplified either with the vector-specific universal primer set M13F (Ϫ20)/M13R (nirS, nirK, and amoA genes) or with the dsr-specific primer pair SR946F/SR2352R (7), and PCR products (25 to 200 pg) were indirectly labeled with Cy5-or Cy3-dUTP (Amersham Pharmacia, Piscataway, NJ) and subsequently hybridized for 16 h at 50°C in 50% formamide to the microarray according to the protocol of Schadt et al. (13) . The slides were immersed briefly in buffer 1 (2ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1% sodium dodecyl sulfate, 50°C), washed for 5 min in fresh buffer 1, for 10 min in buffer 2 (0.1ϫ SSC, 0.1% sodium dodecyl sulfate, room temperature), four times for 1 min each in buffer 3 (0.1ϫ SSC, room temperature), and for 1 min in buffer 4 (0.01ϫ SSC, room temperature), and immediately air dried using compressed air.
Microarrays were scanned with a ScanArray Express (Perkin-Elmer Life Sciences, Boston, MA) at 570 nm (Cy3) or 670 nm (Cy5) with a pixel resolution of 10 m. The slides were scanned with 100% laser power and a photo multiplier tube gain of 80% or higher. The scanned images were saved as 16-bit TIFF files, and each spot was quantified using ImaGene 5.0 (Biodiscovery, El Segundo, CA). From the mean signal intensities, the signal-to-noise ratio (SNR) was calculated for each spot according to the following formula: SNR ϭ (signal intensity Ϫ local background intensity)/standard deviation of the background. Signals with SNRs of Ͼ2 were considered positive hybridizations and further verified by visual inspection. Unless otherwise noted, data presented are mean values calculated from the two technical replicates on each slide. For unexpected hybridizations (cross-hybridizations) between the target and a mismatch probe, the free energy change of the probe-target hybrids was calculated after alignment (1), using the web-based Mfold software for nucleic acid folding and hybridization prediction (19) , with the following theoretical hybridization conditions: 1 M template DNA, 1 M Na ϩ , 1 mM Mg 2ϩ at 37°C. Effects of similarity, identical sequence stretches, and free energy on hybridization specificity. The overall similarities between probe and target sequences had a clear impact on hybridization specificities under the described experimental conditions (Fig. 2) . From these data, a logarithmic relationship between probe-target similarity and the percentage of hybridized probes could be established, as follows: f(x) ϭ Ϫ44.47ln(x) ϩ 103.09 (R 2 ϭ 0.9303). The percentage of probes that gave positive hybridization signals was considerably lower for probes with up to 90% similarity to the target sequences (ϳ10%) than for those with at least 92% similarity (ϳ40%) (Fig. 2) , suggesting that a 90% similarity of probes to target sequences could be an appropriate cutoff value for probe design. However, 8.9% (27 of 302) of the probe-target combinations tested with overall similarities of Յ85% still had positive hybridization signals with SNRs of Ͼ2, and 6.3% (19 probetarget combinations) were positive with SNRs of Ͼ3. The average SNRs of these hybridizations were 10.9 and 14.9, respectively, which are far above the background intensity. These results indicated that probe design criteria that use sequence similarity alone could not reliably eliminate all nonspecific probes.
When the data were analyzed in relation to the length of a common identical sequence stretch, a similar relationship to that for percent overall similarity was found (Fig. 3) . The percentage of probes that gave positive hybridization signals was considerably lower for probes with up to 20-bp identical sequence stretches to the target sequences (ϳ10%) than those with at least 22-bp identical sequence stretches (ϳ25%) (Fig.  3) , suggesting that a 20-bp identical sequence stretch could be an appropriate cutoff value for probe design. Interestingly, considerable differences in the percentages of probes giving positive hybridization signals were observed between the probes with Ͻ35-bp identical sequence stretches and those with longer identical sequence stretches (Fig. 3) . He et al. (3) recently used similar findings to establish group probes for sequences with high similarities. However, 3.4% (8 of 236) of the probes still hybridized to targets sharing a Ͻ20-base stretch. If the more common threshold of SNRs of Ͼ3 was used to determine positive hybridizations, there were still four probes (1.7%) that showed cross-hybridization.
Although most unspecific hybridizations can be eliminated FIG. 1. Illustration of the "stretch" problem (cross-hybridization to probes with low similarities to the target sequence but with an identical sequence stretch of Ͼ20 bases). NKTT11_target is a partial nirK sequence from our clone library. Upon hybridization with two probes, M305039 and NKFF17, only the latter resulted in positive signals, although both probes have an overall similarity of 90% and similar free binding energies for hybridization to the target sequence NKTT11 (Ϫ61.2 kcal mol Ϫ1 and Ϫ66.4 kcal mol Ϫ1 , respectively). However, NKFF17 and NKTT11 share an identical sequence stretch of 24 bases.
FIG. 2.
Relationship between percentage of observed hybridizations with SNRs of Ͼ2 and overall sequence similarity for the 50-mer oligonucleotide probes tested in this study. by considering the overall similarity or the length of continuous sequence stretch for probe design, the above results indicate that neither criterion alone is adequate to eliminate all potential cross-hybridizations. By combining both criteria (Fig. 4A) , a much clearer picture for predicting probe specificity can be obtained. Below 90% overall sequence similarity, only a few cross-hybridizations occurred. This is consistent with the previous findings of Tiquia et al. (15) and Rhee et al. (11) , who proposed threshold values of 85 and 88%, respectively, for specific probe design. However, upon closer examination, our data revealed that specificity problems still exist even at more conservative threshold values. Cross-hybridizations often occurred with sequences of low similarity but long identical sequence stretches, as reported earlier by Kane et al. (6) . If a threshold of Ͻ16-base identical stretches was used, we could avoid many nonspecific hybridizations. However, these cutoff values restrict probe design to the most divergent sequences. This shortcoming can be overcome by simultaneous consideration of the above values along with the hybridization free energy. Using threshold criteria of Յ90% similarity and continuous stretches of Յ20 bases, 67 of 74 nonspecific probes were excluded, but 7 were not (Fig. 4A) . The detailed characteristics of these seven probes are given in Table 1 . However, when an additional free energy criterion of ՆϪ35 kcal mol Ϫ1 was applied, these seven nonspecific probes were eliminated (Fig.  4B ). This free energy value is close to 50% of the average value (Ϫ69.4 kcal mol Ϫ1 ) for the hybridization free energy of all perfectly matched 50-mer probes used in this study. This is similar to the criterion applied by Taroncher-Oldenburg et al. (14) for the design of a microarray consisting of 70-mer oligonucleotide probes. They used a cutoff value of 56% of the free energy released by the perfectly matching probe, together with a maximum overall similarity of 87%, to reject probes with the potential for cross-hybridizations. Kane et al. (6) suggested even more conservative threshold values concerning overall similarities and identical sequence stretches, but they did not consider the change of free energy upon hybridization as a design criterion. The focus of their study also lay in the design of cross-hybridization-safe criteria for expression analyses with single model organisms. These highly stringent hybridization conditions certainly would have a tradeoff in terms of the number of probes that can be designed for homologous genes of related organisms. Additionally, one must be careful in making comparisons of absolute values for probe design parameters such as those discussed above, as each of these studies used different hybridization conditions (e.g., different formamide concentrations and temperatures).
By simultaneously considering probe sequence similarity, identical sequence stretches, and free energy, specific 50-mer probes can be designed with sequence similarity to Ͻ90% of the target sequences. This level of sequence similarity will provide the species level of resolution (15) . Based on the data set obtained in this study, the sequence similarity criterion can be further relaxed if the other two criteria are applied. Specific hybridization was also observed for some probes with Ͻ98% similarity to the target sequences (data not shown), suggesting that the strain level of resolution could possibly be achieved with some 50-mer probes under the hybridization conditions examined.
Conclusions. Our results demonstrated that under defined experimental conditions, nonspecific hybridizations could be essentially avoided by implementing simultaneous threshold criteria for 50-mer oligonucleotide probes of Յ90% similarity, Յ20-base stretches, and a free energy release of ՆϪ35 kcal mol Ϫ1 . This level of sequence similarity should provide species-level resolution in most cases (15) . By simultaneous consideration of all three characteristics, it seems that previously reported threshold values can be relaxed, thus allowing more predictable probe behavior and a larger number of specific probes to be designed. 
